Abstract: Background. Oral cancer typically affects smokers older than 50 years of age. Recently, however, a marked increase in the number of patients 40 years old and younger, many with no history of tobacco smoking, has been noted. Studies in this age group have so far been restricted to genomic areas well recognized as abnormal in typical patients with oral cancer. The aim of this study was to assess genomic aberrations in oral cancer, using comparative genomic hybridization (CGH) microarray technology, and to compare the genomic aberration profile of patients older than 40 years old with those 40 years old and younger.
adults ranges between 0.4% and 5.5%. 3 Recently, however, there have been reports of a rising incidence of oral cancer among young adults in both Europe and the United States. [4] [5] [6] In contrast to the conventional patient with oral cancer, a significant proportion of these young patients seem to have an absence of traditional risk factors. 7, 8 It has been suggested that oral cancer in the young may be a disease distinct from that occurring in older patients, with possibly a different etiology and disease progression. 9 Potential factors accounting for this increase in incidence of oral SCC in this age group are diverse and could reflect changes in dental care, diet, food processing, nutritional supplementation, sexual habits, and their subsequent effect on biologic processes. However, there remains no clear evidence to support the significance of any single determinant.
One of the key features in the pathogenesis of many solid cancers, especially head and neck cancer, is chromosomal instability, with gene gain or loss reflecting this genetic instability. Genetic alterations have been recognized as important events in oral carcinogenesis. Technologic progress in molecular genetics and cytogenetics has allowed identification of some of the critical events associated with the development of oral cancer. 10, 11 Comparative genomic hybridization (CGH) is a cytogenetic method that is capable of detecting and mapping relative DNA sequence copy number variation across the whole genome in one single experiment. It has been widely used to screen for multiple chromosomal aberrations in a variety of cancers 12, 13 and can help identify genes involved in cell growth and tumorigenesis. There are, however, some limitations, which include the inability to identify balanced chromosomal abnormalities and a limited mapping resolution, which may lead to small regions of genetic alterations being overlooked. Also, regions with complex aberrations containing both gains and losses may not be properly explained. For conventional CGH, the crucial detection size is estimated to be in the range of 10 to 20 Mb and is homogeneous along the chromosomes (except around the centromeres). 14 The sensitivity of CGH can be hampered by contamination of tumor material with normal cells (ie, stromal cells and inflammatory cells). The effect of this is to decrease the sensitivity of the technique, allowing some chromosomal aberrations to go undetected. To avoid this issue, a laser capture microdissection system (Arcturus PiXCell 11 Abott Laboratories, Abott Park, ILL) was used in this study, thus ensuring a pure population of tumor cells was obtained.
Microarray analysis is now a foundational technology allowing the analysis of DNA sequence variation, gene expression, and protein levels in tissues and cells in an extensive parallel format. Since the development of microarrays, recognized limitations of conventional CGH have been overcome by coupling it to microarray technology, providing us with a platform for aberration detection that has improved sensitivity, improved resolution, improved reproducibility, and higher throughput. 15 In array CGH, metaphase chromosomes of the classical CGH technique are replaced by a highdensity array of genomic clones (eg, bacterial artificial chromosomes [BACs] , or P1-derived artificial chromosomes [PAC]) on a solid surface. This combination of CGH with an array format has overcome some of the limitations of conventional CGH.
The GenoSensor array 300 system (Vysis, Downer's Grove, IL) is a recently developed system and comprises an array of 287 DNA targets cloned from BAC and PAC libraries and spotted in triplicate. These targets represent genomic regions that have demonstrable significance in cytogenetics and oncology. This array system provides a powerful tool for genome-wide evaluation of genomic instability manifest as copy gain and loss. Using the GenoSensor system, the resolution can be as low as 100 Kb for some targets, although it is not homogeneous along the chromosome. The approximate coverage for each chromosome is 40 Mb. A fully annotated list of the targets is available at http://www.vysis.com.
Previous studies have discussed the increasing incidence of cancer in young adults and have used a variety of upper age limits. The age limit is problematic, because youth is defined arbitrarily; however, most studies use 40 or 45 years old as the cutoff. [16] [17] [18] [19] Previous studies have analyzed chromosomal alterations in oral cancer [20] [21] [22] [23] [24] [25] ; however, few have applied array CGH technology. [26] [27] [28] All CGH work on oral cancer so far in the literature has been directed at the typical patient with oral cancer (ie, the 60-to 70-year-old male smoker) and to date there are no references to array CGH studies of younger patients with oral cancer.
In this study, we have applied array CGH to oral cancer in patients older than 40 and patients 40 years old or younger to characterize the chromosomal imbalances underlying this disease.
MATERIALS AND METHODS
Patients. The St. James's Hospital and Federated Dublin Voluntary Hospitals Ethics Committee granted ethical approval, and informed con-sent was obtained from all patients before surgical treatment for oral cancer.
Fresh tumor samples were obtained from surgical resections of previously untreated oral SCCs. Smoking status was ascertained from the clinical notes. An attempt was made to categorize smoking status using pack-years; however, some packyear figures were not recorded in the notes. Smokers were defined as those who currently smoked tobacco, whereas nonsmokers were only considered for this study if they never smoked tobacco. The cohort contained no ex-smokers. Patients who were treated with radiotherapy before surgical resection were excluded. The study was restricted to SCCs of the oral cavity comprising tumors from the anterior two thirds of the tongue, alveolar ridge, palate, and floor of the mouth ( Table 1 ). The acquired tissue was snap frozen and stored at -808C until analysis. A consultant pathologist verified the presence of SCC on a frozen section, according to standard criteria. For each case five frozen sections were cut and stained with hematoxylin-eosin. From each section, malignant epithelial cells were isolated to obtain pure populations of SCC using the Arcturus PixCell2 Laser Capture microdissection system. DNA Extraction. DNA was extracted using a Puregene kit (Gentra, Minneapolis, MN) according to the manufacturer's instructions, which is available from the manufacturer's web site (www. gentra.com).
Size and concentration of the extracted DNA was confirmed by gel electrophoresis and optical density. A prerequisite of 100 ng of DNA was the stipulated minimum starting material for the array CGH experiment.
Array CGH.
Labeling.
The Vysis GenoSensor 300 labeling protocol was followed according to the manufacturer's instructions. Reference male and reference female DNA was provided by Vysis. Working solutions of the test and reference DNA at 25 ng/lL in 10 mM Tris, 1 mM EDTA, pH 7.4-8.0, were made. Test and reference genomic DNA (100 ng of each, 4 lL) was labeled with Cy3 dCTP and Cy5 dCTP (PE Life Sciences, Boston, MA), respectively, by random priming using a Vysis Random Labelling kit. The DNA was mixed with the appropriate fluorescent dye in the presence of Klenow polymerase in a final volume of 100 lL and incubated at 378C for 2 hours. DNAse digestion was then performed, and the labeled DNA was recovered by precipitation and resuspended in 4 lL of 10 mMTris, pH 8.0. At this stage, agarose gel electrophoresis was used to check the length of the DNA fragments. If the fragments were between 200 and 500 bp in length, then the probes were considered optimal for hybridization.
Hybridization. For hybridization, the labeled test and labeled reference DNA were combined in equal volumes with hybridization buffer (containing Cot-1 DNA to block repetitive sequences), applied to the array surface, and coverslipped.
Each array was hybridized at 378C in darkness for 60 to 72 hours in an airtight container, the atmosphere of which was saturated with 50% formamide/23SSC.
Washing. After removing the hybridization coverslip, each microarray was washed sequentially in 50% formamide/23SSC, followed by l3SSC, and finally rinsed in distilled water. Array 4 0 , 6-diamidino-2-phenylindole (array DAPI, 25lL, Abbott Laboratories, Abbott Park, IL) was applied to the wet surface of the array, and the final coverslip was mounted. The arrays were stored in the dark for 45 minutes before reading. Reading. The GenoSensor Reader is a fluorescent imaging system that captures an image of the hybridized chip in three color planes: Cy3, Cy5, and DAPI blue. The Vysis GenoSensor Array 300 uses a CCD camera and a 175-W xenon illumination source to capture three images of each microarray, specific for the DAPI counterstain (blue), the test DNA (green), and the reference DNA (red), respectively. The blue image is used to identify and localize the target spots on the grid. Once identified, the spots can then be quantitatively analyzed using specialized software, which integrates the green and red fluorescence intensities, subtracts the local background, and calculates the ratio of test intensity to reference intensity (T/R) for each spot (three replicate spots for each target gene). The background-corrected intensities were then used to determine the ratio of test intensity (green) to reference intensity (red) and, after further normalization, were used to estimate the relative abundance of a specific target sequence in the test DNA. The averaged T/R ratios have to be normalized with respect to a T/R control spot or T/R group of spots. The Vysis system does this by detecting spots, which have apparently normal copy number, and dividing all T/R ratios by the T/R ratio of the ''normal.'' A control experiment was run in tandem with the experiment using cell line DNA (CoSH mixture comprising three cell lines), which was provided by the manufacturer and has documented amplifications of a variety of oncogenes. Our results for the control run were concordant with those described by Vysis.
Statistical Analysis. Variation in the mean number of aberrations detected between the groups were tested using a Mann-Whitney U test, and variation in specific targets between the groups was detected using the Fisher exact test. All of the statistical analyses were performed using SPSS 11.5 for Windows (SPSS, Inc, Chicago, IL).
RESULTS
Twenty samples met inclusion criteria. Tumors were all primary SCCs. Ten (50%) samples were taken from oral cancer in nonsmokers, and 10 (50%) were from smokers. All samples were from tumors of the oral cavity, with 14 (70%) located in the anterior two thirds of the tongue.
CGH analysis revealed that genomic imbalances were a feature of every tested sample, although to varying extents across the sample cohorts.
Fluorescent ratios of the Cy3:Cy5 labeled DNA ranged from 0.22 to 6.62. To determine the variations in the ratios of the spots in normal control DNA, comparative hybridizations using test and reference DNA from normal samples were performed. Mean ratio and standard deviation of the normal array CGH was 1.01 and 0.06 to 0.09, respectively. A value of the mean ratio 6 2 SD was set as the cutoff level for normal gene copy number. Ratios of higher than 1.19 and lower than 0.81 were considered to have copy gain and copy loss, respectively. The report generated by the GenoSensor Array 300 tabulates many variables including the assigned target number, target clone name, cytogenetic location, the number of spots included, and the normalized test to reference intensity (Figure 1) .
Gain of genomic material was consistently more frequent in all groups than loss (Figure 2 Table 2) . A linear trend was evident on further breakdown of the age groups, with an increase in the average number of aberrations correlating directly with an increase in age of the patient (Figure 3 ).
In the case of the T classification of the tumors, the number of aberrations did increase with increasing T classification; however, this trend was not statistically significant (Table 2) . Classification T4 was excluded because of insufficient sample numbers. At any one target, the frequency of gains in the older group ranged from 0% to 67%. The 25 most frequently aberrant loci in the classic head and neck squamous cell carcinoma (HNSCC) cohort (older smoker) are tabulated in the follow- ing (Table 3) . Gains most commonly found in the older cohort occurred in clones mapping to 1p, 5p, 7p, 11p (subtelomeric regions) and to 5q33, 11q13 (FGF4), and 22q13 (PDGFB), whereas clones mapping to 3p (subtelomeric region), 3p24 (THRB), and 9p21 (p16
INK4
) were among the most frequently lost (Table 3 ). This profile of frequent gain and loss in the older group mirrors that found in the literature on oral SCC and HNSCC. Deletions of p16
(50%), 9 p 11.2 (70%), and 5q11.2 (MSH3) (60%) were found exclusively in the older group. Overall, there was a significant difference found in the occurrence of deletions at 9p21, 9p11.2, 5q11.2, and 5q21 between the two groups (Fisher exact, p < .01).
The profile of the younger cohort was markedly different from the older cohort in terms of copy gain and loss. The most frequent copy number changes were found in clones mapping to 1p and 3p (subtelomeric) and to 3q (MFI2), 11p (INS), and 11q13 (FGF4), 11q13-q14 (PAK1), 14q32.1 (TCL1A), and 22q11.2 (TBX1) ( Table 4) .
DISCUSSION
Oral cancer is rare in patients younger than 40 years of age; however, recent reports on the incidence of oral cancer in young adults have shown an alarming increase of up to fivefold in Europe and in the United States. 4, 9 Historically, cytogenetic analysis of solid tumors has proven difficult, and although there are many techniques used for detection of genetic changes involved in solid tumors, all have their limitations. In 1992, Kallioniemi et al 29 developed a molecular cytogenetic method capable of detecting and mapping relative DNA sequence copy number variation across the whole genome in one single experiment. CGH uses a relatively small amount of DNA and allows analysis of the whole genome detecting losses and gains in all chromosomes at once, without the need for cell culture. 30 CGH has been previously applied in studies of classic oral cancer and has demonstrated a nonrandom pattern of genomic aberrations, including deletions of material from 3p, 5q, and 9p and gains involving 3q, 5p, 7p, 8q, 11q, 17q, and 20q. 23, 26, 27 Although CGH has been used to analyze oral cancer, this is the first CGH study in the literature comparing the profile of young patients with older more classic cases of oral cancer.
The aims of this study were twofold. First, we wished to map gains and losses in DNA from cases of oral cancer and compare our findings with those in the published literature. Second, we wished to compare the profile of younger patients with oral cancer with the profile found in older patients with oral cancer. This study shows for the first time by CGH analysis that the genomic profile of younger patients with oral cancer, especially the nonsmokers, differs markedly from the profile of the classic patient with oral cancer. Mean Number of Aberrations. Chromosomal imbalance is thought to be the major type of genetic instability in solid tumors. 31 In this study, the older group had high numbers of aberrations, occurring at classically described loci. On closer analysis of the two groups, it is notable that both the smokers, irrespective of age, and the older nonsmokers have high numbers of changes, whereas the younger nonsmokers had far fewer aberrations (Figure 3 ). This suggests that although the older nonsmokers are not directly exposed to the carcinogens, prolonged exposure in a secondary manner to similar carcinogens may be a factor contributing to the development of oral cancer in this group; however, because of lack of clinical details regarding lifestyle of the patients in this study, it is not possible to draw firm conclusions on the effects of environmental carcinogens. Of course, we cannot rule out the possibility that some of these aberrations are simply a result of aging; however, the aberrations found in the older nonsmokers closely resemble the chromosomal changes seen in all the smokers and those changes quoted in the literature.
The younger nonsmokers had considerably fewer aberrations than the other three groups, suggesting that chromosomal imbalance is not the main mode of genetic instability in this group.
In relation to tumor staging, an attempt was made to stage match the two cohorts; however, the older group had an extra T4, whereas the young group had an extra T1. Analysis of the 20 samples showed a slight increase in the number of aberrations with increasing stage; however, this was not statistically significant (p ¼ .1). Previous studies have found no difference in T classifications and numbers of aberrations. 10 Specific Events. Over the years, classical cytogenetic analysis of head and neck tumors has been very productive, resulting in the identification of key genomic regions involved in the development and progression of HNSCC. Studies on oral cancer and HNSCC have shown that a number of chromosomal regions are consistently altered, such as gains on 3q, 5p, 8q, and 11q13 and losses on 3p and 9p among others. [20] [21] [22] [23] 32 Array CGH analysis of oral cancer cases in this study found that the most frequent alterations were mapped to chromosome 3, with gain of the q arm often occurring simultaneously with loss of the p arm. The ''older group'' in this study showed a profile similar to that of the ''classic'' patient with oral cancer in the literature, including deletions on 3p and 9p and gains of 3q, 5q, 7p, and 11q 13. In concordance with the literature on oral cancer, gain of the q arm was a less frequent event than loss of the p arm. 22 Having established that the profile of the older group resembled closely that found in the literature, our second aim was to compare the genomic profile of the younger group with the older group. The changes occurring most frequently are tabulated in Table 3 . Having established that there is less genomic instability in the younger cohort, especially the nonsmokers, we also note the very low number of similar genes altered across the younger group. The genes most commonly altered in this group are also altered in the older group; therefore, there is no genomic aberration that was exclusively gained or lost in the younger group. However, in the younger group, there is a notable absence of aberrations of genes that are thought to be of paramount importance in the development of oral cancer, such as p16 deletions and APC deletions.
Of note, the younger group seem to have low frequencies of aberrations most commonly found in the literature, namely, loss of p16 and loss of APC ( Table 2) .
Deletion of CDKN2A (p16 INK4 ) has been associated in the literature with smoking. SanchezCespedes et al, 33 in their studies of carcinomas of the lung, found that deletion of the p1 6 gene locus was only observed in tumors from smokers. Considering the prevalence of nonsmokers in the younger cohort in this oral cancer study, the absence of deletions of p16 in this group is not that surprising.
In light of the absence of p16 deletions in younger patients in this study, it is possible that p16 deletions do not play a comparable role in oral SCC occurring in younger adults as in classic oral SCC seen in older adults. Of course, p16 may be inactivated by other methods not explored in this article such as methylation or mutation.
Human papillomaviruses (HPV) have been implicated in oral and HNSCC. 34, 35 This study does not aim to address the role of p16 expression and HPV infection in young adults, but clearly the role of HPV infection in SCC in young adults needs to be further explored.
In this study, far fewer alterations were found on chromosome 3 in the young nonsmokers compared with the other cohorts. The diminished role for chromosome 3 aberrations found in this group of oral cancers contradicts Partridge et al, 36 who found that loss of heterozygosity on chromosome 3p was not confined to patients exposed to heavy smoking or alcohol consumption and was present at an early stage in the disease, suggesting that this genetic alteration may be a fundamental event for all oral cancer.
The data generated in this study indicate that the aberration profile in the younger non-smokers is remarkably different from the profile classically found in oral cancer. One limitation of this study is the small sample size. This is to be expected, because no one center has experience with a large cohort of young patients with SCC. However, the findings are too clearly defined to be dismissed.
The younger nonsmokers seem to have very few gains and losses at the sites established in the literature as commonly altered in oral cancer. This suggests that deletions of tumor suppressor genes such as p16 and deletions of the short arm of chromosome 3, which are alterations commonly found in oral cancer, may have a diminished role to play in oral cancer developing in young people.
With a notable absence of traditional risk factors in a significant portion of young people who had oral cancer develop, 9, 17 other possible risk factors have been explored, for example occupation, 37 diet, 38 genetic and familial factors, 39 and viruses. 34 These risk factors need to be further explored to establish the causative factors underlying oral cancer in the young.
CONCLUSION
This work represents the first study applying age-discriminated oral cancers to a CGH array. A marked difference in the number of aberrations is evident, with the younger nonsmokers showing considerably lower numbers of aberrations than the other groups. The aberration profiles of the younger group, in particular the younger non-smokers, differs distinctly from the older group. Such significant difference in genomic profiles, with absence of deletions of tumor suppressor gene CDKN2A (p16), suggests that a different molecular mechanism for oral carcinogenesis in these young nonsmoking patients may be in place; however, this alternative mechanism responsible for the development of oral cancer in young people remains to be explained. The pattern of oral cancer is changing, and it can no longer be assumed that only older male smokers are likely to have this disease develop. Further work on oral cancer with special attention paid to young nonsmokers will provide insight into the complex molecular mechanisms responsible for the development of this disease in an increasing number of young people.
